The alumina-zirconia (Al 2 O 3 -ZrO 2 ) system is considered as one of the most useful nanocomposites, finding widespread applications in structural field. To provide optimal performance, the scale reduction of the initial powder or of the final grain morphology is of particular importance. To accomplish this, we developed a novel Al-Zr-oxide hybridized nanopowder using the Pechini-type sol-gel method. Within this process, we maintained a uniform distribution of the Al and Zr metallic ions, and kept these ions stable at the molecular distance level with the help of polymeric additives. The transmission electron spectroscopyanalysis of the nanopowder revealed that the individual particles were ultrastructured, with both Al-oxide and Zr-oxide regions being interspaced within 10 nanometers. The Al 2 O 3 -ZrO 2 nanocomposite made from the hybridized nanopowder by a hot-pressing technique showed ultrafine grain morphology. Moreover, the mechanical strength of the nanocomposite measured by a four-point flexural test was as high as 1.5 GPa. The Al-Zr-oxide hybridized nanopowder and its nanocomposite developed herein are considered to find potential uses in engineering applications.
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I. Introduction N ANOSCALE hybrid or composite materials in the form of powders, spheres, fibers, tubes, and coatings have attracted a great deal of interest in diverse fields, because of their unexpected and unprecedented properties, which are unattainable in normal materials. 1, 2 When more than two different phases are organized, the performance of the whole system is significantly influenced by their organization level and the consequent synergistic/contradicting role of each constituent. 3 For example, in the alumina-zirconia (Al 2 O 3 -ZrO 2 ) system, the structure and properties of the final composites are strongly dependent on the properties of the initial precursors and composite powders, such as their homogeneity, particle size and distribution, and phase purity. 4 When organized well, the benefits of the individual components play a synergistic role in the final properties of the nanocomposite. Practically, the Al 2 O 3 -ZrO 2 system is by far one of the most useful ceramic nanocomposites. 5 Because of its excellent mechanical properties, including its strength, toughness, and wear resistance, as well as its thermal and chemical stability, the Al 2 O 3 -ZrO 2 nanocomposite has been widely used in the engineering and biomedical fields for such materials as structural ceramics, thermal barrier coatings, and total hip replacements. [4] [5] [6] [7] To gain optimal performance in these applications, researches have been focused on the scale-reduction either of the initial composite particle size [8] [9] [10] or of the final grain morphology. [11] [12] [13] This strategy regarding the Al 2 O 3 -ZrO 2 system has been to a large extent successful, due to the development of various powder methodologies, such as the sol-gel method, the precipitation process, laser ablation, and combustion synthesis, as well as advanced densification techniques, such as spark-plasma sintering. At present, the most successfully synthesized Al 2 O 3 -ZrO 2 powder came to possess the particle size of the order of tens of nanometers. However, each particle basically contains a single phase of either Al 2 O 3 or ZrO 2 , thereby conforming to the conventional ''composite powder'' concept. Through the powder synthesis approaches undertaken so far, the interspacing of each phase is necessarily confronted by a scale limitation (Btens of nanometers), so that the organization of the nanocomposite at the molecular level (Bnanometers) has yet to be realized. Herein, we exploited the above-mentioned nanometer-interspaced powder or ''hybridized nanopowder'' in the Al 2 O 3 -ZrO 2 system. To accomplish this arrangement at the molecular level, the Pechini process was used. 14, 15 This process, as one of the solgel techniques, has been proven to be effective in preparing complex compositions, such as Pb(Zr,Ti)O 3 , LiLaTiO 3 , Sr 2 (Nb,Ta) 2 O 7 , and BaTiO 3 , with a qualified stoichiometry and homogeneity, through the coupling of metallic precursors at the molecule level. 13 Herein, we report on the synthesis of a new type of ''hybridized nanopowder'' using the Pechini process, in which the Al-oxide and Zr-oxide regions are interspaced at the molecular level (less than ten nanometers), and which is hereafter referred to as ''AZ-hybridized nanopowder.'' Moreover, the Al 2 O 3 -ZrO 2 nanocomposite was produced from the hybridized nanopowder and measured its mechanical strength to assess the potential of the initial hybridized precursor.
II. Experimental Procedures
Aluminum chloride hexahydrate (Kanto Chem., Tokyo, Japan), zirconium chloride oxide octahydrate (Kanto Chem.), and yttrium chloride hexahydrate (Aldrich, Milwaukee, WI) were used as the metallic precursors for the powder. Citric acid (CA) monohydrate (Aldrich) and ethylene glycol (EG; Aldrich) were used in the Pechini process. First, each metallic source was dissolved in distilled water separately. The Y-containing solution was added to the Zr-containing solution at a concentration of 3 mol%, followed by the addition of Al-containing solution to produce a mixture solution considering the final Al 2 O 3 /ZrO 2 ratio of 1/4 by weight. Separately, CA was dissolved in EG at a CA/EG ratio of 3/2 by weight. The CA-EG solution was then added to the Zr-Y-Al mixture solution at a final concentration of 90 wt% to prepare a clear sol. The resultant sol was heated to 1301C to promote esterification between CA and EG. To induce polymerization, the sol was subsequently concentrated by holding it at 1301C, in order to convert it first to a viscous gel and then to a dried-foam, during which time the color changed first to yellow and then to brown. The foam was then crushed and heat treated (4001-11001C) in order to remove the polymeric residuals, and to produce the AZ-hybridized nanopowder. through within the hydroxycarboxylic acid (here the ''CA'') functional groups, the esterification of the metal-ion-chelated acid with polyhydroxyl alcohol (here the ''EG'') to generate polyesters, and a further gelation and polymerization step to form long polymeric chains. After removal of the organic residuals by thermal treatment (over 4001C as confirmed by differential thermal analysis (DTA)/thermogravimetric analysis (TGA), a desired type of hybridized powder can be obtained. As depicted, the chelating role of the polymeric chains would be expected to preserve the stability of the metallic ions (Al   31   ,  Zr   41 , and Y 31 ), by effectively clutching the ions and distributing them uniformly within the polymeric networks at the molecular level. Because of the highly viscous nature of these polyester chains that capture the metallic ions, the segregation of the cations can be prevented during the thermal treatment. The effectiveness of this process is strongly dependent on the processing parameters, such as the ratio of the precursors (metallic precursors to CA-EG and CA to EG) and the polymerization and heat-treatment history.
Parts of the crushed foam were subjected to DTA and TGA. The phase of the heat-treated powders was evaluated with X-ray diffraction (XRD). High-resolution transmission electron spectroscopy (HRTEM, JEM3000F, JEOL, Tokyo, Japan) and energy dispersive spectroscopy (EDS) in conjunction with TEM were performed at an accelerating voltage of 300 kV, by placing the powder on a copper grid, after coating with carbon. The hybridized powder was further densified to produce Al 2 O 3 -ZrO 2 nanocomposite by employing a hot-press technique. The hybridized powder heat treated at 8001C was ballmilled, dried, and sieved, and then hot-pressed in a vacuum chamber by applying a pressure of 30 MPa at temperature of 13001-15001C. The morphology of the hot pressed samples was evaluated with scanning electron microscopy (SEM, JSM6330F, JEOL), after polishing down to 1 mm and ther-
and outer spans of 10 and 20 mm, respectively, and at a crosshead speed of 0.5 mm/min.
For the purpose of comparison, the above-mentioned Al and Zr precursors were directly co-precipitated without the mediation of CA and EG, to produce a co-precipitated powder, as well as the co-precipitated powder was densified following the procedure same as the hybridized powder. 
III. Results and Discussion
During the powder process, the amount of CA-EG was observed to be very important in determining the homogeneity and distribution of the Al and Zr atoms. At least 90 wt% of CA-EG (with respect to the Al-/Zr-metallic precursors) was required to induce the desired level of Al-and Zr-oxide hybridized networks. The Al 2 O 3 /ZrO 2 ratio used was 1/4 by weight, as this is one of the most widely used compositions, due to its excellent morphological and mechanical properties. 11, 12 The thermal parameters were determined based on the DTA and TGA analysis, in order to remove the polymeric residuals and to induce crystallization. In particular, the crystallization temperature was varied, so as to bring about the selective crystallization of only ZrO 2 or of both ZrO 2 and Al 2 O 3 . We observed from the XRD data that different states of the AZ-hybridized powder were produced, namely amorphous Al-O-Zr-O without crystallization at To6001C, amorphous Al-O (-Zr) with tetragonal-ZrO 2 formed by the crystallization of only ZrO 2 at 6001CoTo 10001C, and g-Al 2 O 3 with tetragonal (t)-ZrO 2 formed by the crystallization of both Al 2 O 3 and ZrO 2 at T410001C.
The typical TEM morphology of the AZ-hybridized nanopowder after thermal treatment at 8001C is shown in Fig. 2 . The hybridized powder appeared to be highly networked, without the formation of separated individual particles ( Fig. 2(a) ), being dissimilar to the normally observed AZ powders. A closer examination revealed the fringes of boundaries of particles with sizes of B50-100 nm; however, these particles appeared to consist of numerous separated zones with sizes of less than ten nanometers. The dark field image of an arbitrarily selected area shown in the inset revealed a strong bright contrast caused by the crystalline parts. None of the spatial areas of the hybridized powder exhibited crystal diffraction patterns representing either Al 2 O 3 or ZrO 2 . Instead, only a weak diffuse ring pattern corresponding to ZrO 2 could be observed (not shown here), being attributed to the ultrafine crystal size of ZrO 2 . For comparison, the Al 2 O 3 and ZrO 2 co-precipitated powders using the same precursors, but without the mediation of the CA-EG polymeric network, were also evaluated (Figs. 2(b, c) ). The co-precipitated powders were observed to be constituted of powders with sizes in the range of tens to hundreds of nanometers. However, in marked contrast to the hybridized powder, each particle was composed of wholly single phases, either g-Al 2 O 3 or t-ZrO 2 , as confirmed by the SAD patterns shown in the insets in Figs. 2(b) and (c), respectively. This kind of phase distribution is characteristic of the Al 2 O 3 -ZrO 2 nanocomposite powders developed by other methods. 9 Although the secondary particle size of the AZ-hybridized nanopowder was in the normal range, its most intriguing features were to be found within the individual particles. In other words, the AZ-hybridized powder was constituted of the nanometer-scale-interspaced phases of Al and Zr oxides, as explained below.
After the heat treatment at 8001C, EDS connected to TEM was used to observe a single hybridized particle in order to analyze the distribution of the Al and Zr atoms. In mapping mode, the Al and Zr atoms were observed to be separated from each other within the single particles, with interspacings of about less than 10 nm (Fig. 2(d) ), wherein contrasted bright areas correspond to the Al (upper image) and Zr atom (lower image)). The single particle was further analyzed by means of the HRTEM lattice image (Fig. 2(e) ). In particular, the thin area in the particle (edge region) was examined for clarity. An analysis clearly showed the lattice images of specific crystal planes, and as some areas without the lattice image were also observed. The areas revealed by the crystal lattice image had a higher quantity of Zr than Al (Zr/Al B10-20, indicated by ''Z''), while those areas which did not reveal a lattice image were rich in Al (Zr/Al B0.2-0.4, indicated by ''A''), as confirmed by an EDS point detection. Although the exact atomic ratio could not be obtained, due to the limits of the analysis (interaction volume), this EDS data revealed that the Zr-and Al-rich areas were distributed uniformly with interspacings of less than 10 nm. Upon the precise calculation of the lattice image, we confirmed that these latticeimaged areas matched well to the reported values on tetragonal phase of ZrO 2 , which was doped with Al 2 O 3 (c-axis B5.10-5.18 and a-axis B5.09). 16, 17 In other words, the single particle is believed to consist of regions corresponding to a t-ZrO 2 crystalline phase and regions of amorphous Al-rich oxide. Here, the Al-rich amorphous region is considered to contain some level of Zr. Similarly, the Al might be incorporated into the t-ZrO 2 to form solid solutions, as reported recently in studies of the Al 2 O 3 -ZrO 2 system. 16, 17 This interaction between Al and Zr is believed to be facilitated by the nano-processing at the molecular level introduced in this study. Most of all, the AZ-hybridized powder produced herein should be highlighted in its ultrastructural organization between Al-and Zr-oxide phase at the nanometer or molecular level. To the best of our knowledge, this organization level has never been exploited in the Al 2 O 3 -ZrO 2 system by other approaches.
The AZ-hybridized nanopowder can be post-treated for specific applications. For example, in this study, the nanopowder was subsequently sintered to a dense body by employing a hotpressing technique. The typical FESEM morphology of the Al 2 O 3 -ZrO 2 nanocomposite sintered at 14001C is shown in Fig. 3(a) , as compared with that of nanocomposite produced by a conventional co-precipitation method (Fig. 3(b) ). At this temperature region, the Al 2 O 3 and ZrO 2 phases in both types of nanocomposites were crystallized, and the contrasted dark and bright areas within the images on the nanocomposites correspond to the Al 2 O 3 and ZrO 2 , respectively. Each phase was distributed homogeneously, and the grain-size of each phase appeared to be approximately 100-200 nm. However, a closer examination revealed the existence of an intriguing morphological feature, as highlighted in the inset. A large number of ultrafine ZrO 2 grains with sizes in the range of tens of nanometers (20-50 nm) existed together with somewhat larger grains (B100 nm). On the other hand, the grains in the nanocomposite obtained by the co-precipitation method were observed to be much larger than those obtained from the hybridized nanopowder, and this appeared to be more manifest in the case of Al 2 O 3 grains (dark area). More noticeable is that unlike the newly developed nanocomposite, the conventionally made nanocomposite did not show any existence of the ultrafine-sized ZrO 2 grains. Although the grains with sizes of several hundreds of nanometers were reported in the nanocomposites when they were processed well by using ultrafine powders or by employing an advanced rapid densification process, 7, 12, 13 it has generally been considered that those tens of nanometers range grains were almost impossible to achieve.
The performance of the AZ-hybridized nanopowder was reflected in the mechanical strength of its densified nanocomposite, as shown in Fig. 4 . The four-point flexural strength of the Al 2 O 3 -ZrO 2 nanocomposite was significantly higher (B2 times) than that of the conventionally obtained one by co-precipitation method. The highest strength of the nanocomposite produced by the hybridized powder was as high as B1.5 GPa after sintering at 14001C. Considering that the highest strength previously observed for the Al 2 O 3 -ZrO 2 system was B1 GPa (by four-point flexural test), 11 the strength value reported here is noteworthy. The ultrastructural characteristic of the initial hybridized powder is believed to result in the fine-grained nanocomposite from which its excellent strength is derived. In order to investigate the effectiveness of the structural features of the AZ-hybridized nanopowder in more detail, further studies using more advanced sintering techniques, such as spark-plasma sintering, are warranted, as this process is expected to reduce the grain size of the nanocomposite even further. Moreover, instead of the densified form, the efficacy of the hybridized nanopowder or its initial sol-gel precursor can also be envisioned in diverse applications, by using them in the form of nanofibers, porous foams, and thin films, where the Al 2 O 3 -ZrO 2 hybridization provides the required system with enhanced performance.
IV. Summary and Conclusions
In this work, a new concept ''hybridized nanopowder'' was developed in the Al 2 O 3 -ZrO 2 system by utilizing the Pechini-type sol-gel process. Through this process, the Al and Zr precursors were effectively stabilized and distributed within the polymeric chains, leading to their being organized at the molecular level. Using appropriate heat-treatment conditions, an ultrastructured AZ-hybridized nanopowder was produced, in which single hybridized particles were constituted of Al-and Zr-oxide regions interspaced at the molecular level (Bnanometers). This AZ-hybridized nanopowder, as well as its initial precursor, is potentially applicable in diverse structural fields, where the excellent properties of the Al 2 O 3 -ZrO 2 system can be further strengthened by the nanometer-distance hybridization.
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